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Flame-wall interaction (FWI) in premixed turbulent combustion has been analyzed based
on a counter-flow like configuration at the statistically stationary state. For the present
configuration, the two FWI sub-zones, i.e the influence zone and the quenching zone, can
be quantified from the DNS results. Detailed analysis of the important quantities, such as
the flame temperature, flame-wall distance, wall heat flux, flame curvature and dilatation
(including the flame normal and tangential strain rates), and some orientation relations
between the flame normal and the principal strain rate directions, have been reported,
together with the physical explanations. All these statistical results are determined by
the relative strengths of the wall heat flux, thermal expansion and the flame-turbulence
interaction.
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1. Introduction
In most combustion devices such as in internal combustion engines the flame-wall in-
teraction (FWI) is inevitable because the combustion process takes place in a confined
space. From the consideration of downsizing the combustors, the flame and flow in the
vicinity of the wall are very different from the free propagating case. The local flame
quenching and heat loss through the boundary as a result of FWI have important
implications on the overall efficiency, pollution control and the combustor durability.
However, most existing premixed turbulent flame models [1–6] do not include the FWI
effects. Therefore, both fundamental understanding of FWI and its modeling are nec-
essary for the development of high-fidelity predictive tools for engineering design of
new generation light-weight compact energy-efficient combustors.
Some early results of FWI were obtained from a total quenching analysis of a lam-
inar tube flow [7–11], which is significantly different from most practical FWI events
in engineering applications. For the turbulent cases, two existing flow configurations
are the head-on quenching case and the side-wall quenching case. Fig. 1 (a) shows
the head-on quenching configuration, where the premixed flame propagates toward
the cold wall along the wall normal direction. Without mass and energy feeding, the
premixed flame continuously consumes the reactant on the wall side and finally ap-
proaches the wall till it completely quenches. Besides, the turbulence intensity decays
because of energy dissipation and also due to the action of increasing flow strain. Some
∗Corresponding author. Email: lipo.wang@sjtu.edu.cn
important results on FWI have been obtained from such unsteady head-on quenching
analysis. For example, the maximum wall heat flux magnitude for both the laminar
and turbulent cases and the quenching distance (i.e. the minimum distance δQ between
the flame and the wall such that flame quenches for x < δQ) can be quantified [12,13].
The flame quenching distance δQ and the maximum heat flux magnitude Q|w are often
expressed in the normalized form as PQ = δQ/δz and Q˜
∣∣∣
w
= Q|w/ρuSLCp,u (Tad − Tu)
with δz, SL, ρu, Tu, Tad and Cp,u being the Zeldovich thickness, unstrained laminar
flame speed, unburned gas density, unburned gas temperature, adiabatic flame tem-
perature and specific heat of the fresh gas respectively. The Zeldovich thickness is
defined as δz = Dth/SL where Dth is the unburned gas thermal diffusivity. It has been
indicated that the quenching Peclet number is inversely proportional to the maximum
wall heat flux magnitude [12,14,15]. Poinsot et al.[12] and Lai et al.[13] showed that
PQ is about 3, corresponding to a maximum wall heat flux Q˜
∣∣∣
w
about 0.3 ∼ 0.4. Fur-
ther investigations suggest that these critical numbers, PQ and Q˜
∣∣∣
w
, will depend on
the wall boundary condition [16–18], initial gas temperature [19,20] and the pressure
[16,20,21]. In addition, the local or even global flame structure under the influence
of FWI have also been investigated [12], including the interaction between the vortex
and the flame and the dominant role of the vortex pair in FWI. Gruber et al.[22]
analyzed the side-wall quenching of a V-shaped turbulent flame in a confined channel.
It shows that FWI has strong effects on the flame thickness, and flow structure in the
near-wall region. For this case both the quenching Peclet number and the normalized
maximum wall heat flux are different from the head-on quenching case. Moreover, in
the near-wall region, because of the large wall heat flux, the thin flamelet regime will
change to a thickened wrinkled regime.
(a) Conventional model (b) New model
Figure 1. The configuration for FWI.
However, under practical operating conditions the FWI scenario is often quite dif-
ferent from the configurations considered in previous analyses [12,13,22]. Because of
the mass and energy transportation by the main stream, the turbulent flame flushes
continuously to the solid wall in most engineering applications. As shown in Fig. 1 (b),
the flow and flame can finally reach statistically stationary state, which closely resem-
bles to the combustion processes in gasoline engines and gas turbines where the flame
is convected by large scale eddies to flush over the wall boundary. Furthermore, exper-
imental analysis by Mann et al.[23] revealed differences in flame orientation between
transient HOQ and steady-state flame stabilized by a wall. Thus, it can be expected
that FWI under statistically stationary state can be different from the evolving cases,
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but this is rarely addressed in the existing literature. Therefore, an alternative FWI
configuration is proposed in this work. As schematically shown in Fig. 1 (b), the flame
is convected by the inflow of fresh reactants and anchored by the solid wall at some
location, which physically is determined by the inflow mass flux, i.e. the incoming flow
speed, and the wall boundary conditions. The lateral surfaces are set as the outflow
boundary. In contrast to Fig. 1 (a), the flame can be statistically stationary in Fig. 1 (b)
and the reactant/product distribution is different. Roughly the overall energy balance
relations can be described by the following one-dimensional relation
Qω˙ = ρuu1,uCp (Tb − Tu) +Qw, (1)
where ρ is the density, u1 is the velocity in streamwise direction, T is the temperature,
Qω˙ is the reaction heat release rate, Cp is the specific heat, and Qw is roughly the
wall heat loss. In the following the subscript ‘u’ and ‘b’ denote the quantity in the
reactant side and product side, respectively. As the flame approaches the wall, the
wall heat loss Qw increases and thus the downstream flame temperature Tb decreases
and the flame eventually quenches once Tb is smaller than a critical value. Therefore
the wall boundary condition, especially the wall temperature, plays an important role
in detailed physical understanding of FWI.
The objective of the present work is to explore the fundamental physics of FWI
based on a new configuration shown by Fig. 1 (b). Especially the adiabatic no-slip wall
boundary and isothermal no-slip wall boundary cases will be compared to understand
the effects of wall boundary condition on FWI. In the following, after a brief description
of the direct numerical simulation (DNS), we will focus on the discussion of the results
and their analyses, and end up with concluding remarks.
2. Numerical simulations
The three-dimensional compressible reacting flow in the configuration shown in
Fig. 1(b) is numerically simulated. All the spatial derivatives adopt a 10th order cen-
tral difference scheme for the internal points while the scheme order decreases grad-
ually to an one-sided 2nd order finite difference approximation at the non-periodic
boundary points [24]. An explicit third-order low storage Runge-Kutta scheme [25]
is used for the temporal integration. A steady planar laminar flame solution [26] is
prescribed as the initial condition for the scalar fields. The chemical kinetics here is
simplified as an one-step irreversible (‘Reactants→ Products’) mechanism following
the Arrhenius law. It has been demonstrated in previous DNS analyses [12,13,15,27–
29] that premixed flames quench near the cold wall principally due to the heat loss
and also due to the strain rate induced by the wall. It is worth noting that the
main focus of the present work is on the combustion physics, instead of the chemical
pathways analysis. The results from single-step chemistry DNS agree well with the
experiment measurements of the quenching distance and the wall heat flux [35,36],
especially at the low wall temperature[18]. An experimental analysis by Jainski et
al.[30] indicated that the near-wall dynamics can be accurately captured by simple
chemistry DNS. A recent detailed chemistry based investigation (16 species and 25
reactions by Lai et al.[31] indicated that the most FWI physics can be, at least quali-
tatively if not quantitatively, captured by simple chemistry simulations with constant
thermo-physical properties. Poinsot et al.[32] showed that the use of temperature-
dependent thermo-physical properties does not change the qualitative nature of the
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flame-turbulence interaction obtained from constant thermo-physical properties. The
same conclusion was drawn for flame-vorticity interaction by Louch and Bray [33]. In
a recent paper Aspden [34] demonstrated based on 3D detailed chemistry DNS that
constant viscosity simulations yielded qualitatively similar picture when compared to
the simulation results with variable thermo-physical properties. In this analysis con-
stant thermo-physical properties have been assumed for the purpose of simplicity so
that the fundamental physics can be captured. In order to substantiate that the re-
sults presented in this paper remain at least qualitatively similar in the presence of
temperature-dependent thermo-physical properties, some additional simulations have
been carried out, where the Sutherlands law is adopted for the dynamics viscosity
as µ = µref (T/Tref )
3/2 (Tref + S)/(T + S) (correspondingly, the thermal conductiv-
ity and mass diffusivity are temperature dependent as well), where S is the Suther-
land temperature. These simulation results are shown in Appendix and they reveal
that the main physical picture remains qualitatively valid but some minor differences
were observed in quantitative sense. Subject to the above assumptions, the chemi-
cal mechanism reads ω˙ = Bρ(1 − c)exp[− β(1− T˜ )
1− α(1− T˜ )], where B is the normalised
pre-exponential factor, α =
τ
τ + 1
with τ being the heat release parameter. The non-
dimensionalized temperature T˜ is defined as T˜ = T−TuTad−Tu , and c =
YR,u−YR
YR,u−YR,b is the
reaction progress variable, where YR,u and YR,b represent the reactant mass fraction
in the fresh reactants stream and in the fully burned products, respectively. The re-
action progress variable c increases from zero in the fresh reactant side to unity in
the burned product side. Other relevant quantities are non-dimensionalized by the
corresponding reference values. Specifically, the domain size L and the laminar flame
speed SL are chosen as the reference length lr and reference velocity ur , respectively;
the reference density ρr and the other reference thermo-physical properties such as
specific heat Cp,r, thermal conductivity λr and mass diffusivity Dr are taken to be
equal to the corresponding values in the unburned gas. Besides, the specific heats and
the thermo-physical properties such as, viscosity µ˜, thermal conductivity λ˜ and the
density-weighted mass diffusivity ρ˜D˜ are assumed to be constant and independent of
temperature. In summary, the characteristic flow parameters and the flame parame-
ters are listed in Table. 1. A value of τ = (Tad − Tu)/Tu = 2.3 is representative of
methane-air mixture preheated to 750K. Please note that similar values of have been
used in several previous DNS analyses in the past [37–40].
Table 1. Characteristic flow and flame parameters.
Prr Scr Le Mar γ τ β
0.7 0.7 1.0 0.014 1.4 2.3 6.0
*The Prandtl number Prr =
µrCp,r
λr
, the Schmidt number Scr =
µr
ρrDr
, the Lewis number Le = Sc/Pr,
the Mach number Mar =
ur
ar
(ar =
√
γRgTu), the ratio of specific heats γ, the heat release number τ =
Tad−Tu
Tu
, the Zeldovich number β =
Ta(Tad−Tu)
Tad
2 (Ta: the activation temperature).
Numerically, the velocity boundary condition on the inflow surface is the combi-
nation of the mean part Ui (U1/SL = 8.0 and U2 = U3 = 0) and the fluctuating part
u′i (u
′
i/SL = 2.0), which is specified by scanning a plane through an auxiliary ho-
mogeneous isotropic turbulent field generated a priori based on a prescribed energy
spectrum [41]. In this configuration, turbulent scales and turbulence intensity change
as the wall is approached. The integral length scale at the inflow plane is taken 7δZ
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which is about 0.1 of the domain length. A limited number of simulations have been
conducted to assess the influence of the choice of the integral length scale at the inlet
and this effect has been found to be negligible. The three-dimensional Navier-Stokes
characteristic boundary condition (NSCBC) formulation [42–44] are imposed on the
four lateral boundaries. To resolve the Kolmogorov scale and the flame structure every-
where, the cubic computational domain with dimension Lxi = L = 70δZ is discretised
by a uniform Cartesian mesh with total 256× 256× 256 grid points, which ensures
about 7 grid points per thermal flame thickness δth =
Tb−Tu
max( ∂T
∂x
)|
L
. Three cases are tested
with different no-slip wall boundary conditions (case A: adiabatic wall boundary, case
B: isothermal wall with T˜w = 0.5, case C: isothermal wall with T˜w = 0.0). Once the
inflow with the mean velocity scans the entire domain 3 ∼ 4 times, the flow reaches the
statistically stationary state. To ensure a good level of statistical convergence, totally
40 snapshots in a time span of 4U1/L are collected for the analysis presented in this
paper.
3. Results and analysis
Fig. 2 shows instantaneous flow and scalar fields for three cases considered here. Over-
all the large scale flow structure is counterflow-like with the velocity component u1
decreasing and tangential velocity components u2 and u3 increasing when the wall is
approached along the wall-normal direction. For the present unity Lewis number case,
the reaction progress variable and non-dimensional temperature for case A (adiabatic
wall) assume the same spatial distribution. In contrast, cases B and C, with different
wall heat losses, exhibit considerable differences between the non-dimensional tem-
perature and the reaction progress fields. Especially, for case C with the lowest wall
temperature T˜w = 0.0, the flame becomes broken because of the local flame quenching
by excessive heat loss to the wall. Although for three cases with the same inflow feeding
condition, cases B and C lose energy due to heat loss through the wall, which weakens
the consumption rate in comparison to case A, where combustion takes place under
adiabatic conditions. Therefore in cases B and C, the flame fronts tend to be closer to
the wall. In the present analysis, c = 0.85 isosurface is taken to be the flame surface
because the maximum reaction rate takes place for this value of reaction progress vari-
able c for freely propagating flames. In the following sections, quantitative analyses of
the FWI physics and the head-on flame quenching properties will be discussed.
3.1. Local flame quenching and the wall heat flux
Here the flame-wall distance is denoted as δc=0.85, i.e. the distance from a local flame
front to the wall along the wall-normal direction. The probablity density function
(PDF) of δc=0.85/δz, the normalized flame-wall distance, is shown in Fig. 3. For case
A, on average the fame-wall distance is larger. From case B to C, becuase of more
local quenching, flame fronts tend to be more spatially distrubted closer to the wall
boundary. This quantitative PDF is consistent with the visualization in Fig. 2.
For caes B and C with wall heat loss, the local flame surface temperature changes
in space. To address the local flame quenching, the mean flame temperature condi-
tional on δc=0.85/δz is plotted for three cases in Fig. 4. Here, the flame-wall distance
is defined as the distance from the flame isosurface c = 0.85 to the wall along the x1
direction. In accordance with the spatial temperature distribution in Fig. 2 (a), the
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Figure 2. The flow and flame distribution for(a): case A with adiabatic wall, (b): case B with T˜w = 0.5 and
(c): case C with T˜w = 0.0.
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Figure 3. PDF of the normalized flame-wall distance δc=0.85/δz .
flame temperature in case A is equal to the c value, i.e. 0.85. By contrast, case B and C
exhibit a decrease in temperature from the adiabatic value away from the wall to the
corresponding wall temperature, i.e. T˜w = 0.5 or T˜w = 0.0 at the wall. According to
the temporally evolving FWI results in Poinsot et al.[12], the FWI zone can be divided
into two sub-zones. For the present analysis, the similar sub-zones can be identified
using the temperature distributions in Fig. 4 as:
(1)‘quenching zone’: the part from the cold wall to a distance with a critical Peclet
number Pq = δc=0.85/δz = 2.5. Fig. 4 suggests at this Pq, the temperature T˜c=0.85 = 0.6,
which is low enough to extinct the flame. Because of the very low or vanished heat re-
lease rate in this zone, as the flame-wall distance δc=0.85/δz decreases, the temperature
drops almost linearly from 0.6 to the temperature of the cold wall. The present critical
Peclet number is comparable to the one proposed by Poinsot et al.[12] (Pq = 3.4) and
Lai et al.[13](Pq = 2.8).
(2) ‘influence zone’: the part in which the flame ‘senses’ the influences from
the cold wall boundary. Fig. 4 indicates the influence zone can be quantified as
2.5 < δc=0.85/δz ≤ 8. When δc=0.85/δz > 8, the flame temperature is equal to the adi-
abatic value 0.85 but inside the influence zone the flame temperature starts to gently
decrease.
Flame quenching can further be identified by the variation of chemical reaction
rate when the flame approaches the wall. From the joint PDFs between the chemical
reaction rate and the flame-wall distance shown in Fig. 5, we observe that for case A ,
the chemical reaction rate on the c = 0.85 isosurface remains indepedent of δc=0.85/δz
because of the constant temperature on the isosurface, while for cases B and C the
chemical reaction rate decreases rapidly in the influence zone because of the reduction
of the flame temperature as a result of wall heat loss. When the wall temperature is
not very low, as for case B with T˜w = 0.5, the chemical reaction rate assumes values
larger than zero at the wall boundary. Differently, for case C the chemical reaction
rate totally vanishes at δc=0.85/δz ≤ 2.5.
Physically it is clear that the local flame quenching is the direct outcome of the heat
loss to the wall boundary. To understand the statistical behaviour of this important
quantity, Fig. 6 presents the joint PDFs between the normalized wall heat flux Q˜
∣∣∣
w
and the flame-wall normal distance δc=0.85/δZ for cases B and C . As expected, the
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Figure 4. The variation of mean temperature T˜c=0.85 on flame isosurface c = 0.85 with the normalized flame-
wall distance δc=0.85/δz for three cases.
Figure 5. Joint PDFs between the chemical reaction rate and the flame-wall distance for for(a): case A with
adiabatic wall, (b): case B with T˜w = 0.5 and (c): case C with T˜w = 0.0.
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heat flux increases with decreasing flame-wall distance until Q˜
∣∣∣
w
attains a peak value,
which occurs approximately at the critical Peclet number, e.g. δc=0.85/δz = 2.5, for
both cases B and C. Within the quenching zone, when δc=0.85/δz continues to decrease,
Q˜
∣∣∣
w
decreases. This can be explained in the following manner. As c = 0.85 isosurface
approaches the cold wall, the heat loss through the wall reduces the rate of chemical
reaction, giving rise to the decreases of the flame temperature and heat release rate.
Quantitatively, the heat flux for case C (with T˜w = 0.0) is in the range 0.2 ∼ 0.4, which
is clearly greater than that for case B with Q˜
∣∣∣
w
smaller than 0.2. It is worth noting
that the critical Peclet number at which the maximum heat flux magnitude is obtained
is not significantly affected by the wall temperature but the wall boundary condition
affects the magnitude of the maximum wall heat flux.
Figure 6. Joint PDFs between the heat loss to the wall and the flame wall distance for (a): case B with
T˜w = 0.5 and (b): case C with T˜w = 0.0.
3.2. Flame structure and flame dynamics
To investigate the effect of FWI on the flame structure, Fig. 7 shows the distribu-
tion of the normalized vorticity magnitude |ω| × δZSL at the x2 = 12L cross cut, where
|ω| = (ωiωi)1/2 with ωi is the ith component of vorticity. The c = 0.85 isosurface is
shown by the black lines. From the unburnt side to the burnt side, turbulence in-
tensity decays rapidly because of the larger kinematic viscosity of the burnt gas and
also due to supression of vorticity by dilatation within the flame. Moreover, in FWI,
damping induced from the wall boundary is also important to decrease the turbulent
intensity. Overall, both the thermal effect and the wall boundary can largely alter the
flame structure. The similar phenomenon of the small-scale turbulence suppression by
the flame has been reported by Hamlington et al.[45] and Lai et al.[13]. Poinsot et
al.[12] demonstrated that the vortex pair plays a dominant role in the evolution of the
flame structure.
To quantitatively examine the characteristics of the local flame structure, Fig. 8
shows the joint PDFs between the flame-wall distance δc=0.85/δz and the normalized
flame front curvature K = ∇ · ~n, where ~n = − ∇c|∇c| is the flame normal of the c = 0.85
isosurface pointing to the unburned gas side. Overall, the flame curvature and the
flame-wall distance are positively correlated. At the statistically stationary state, the
downstream region between the flame front and wall is filled with the burnt product,
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Figure 7. Distribution of normalised vorticity magnitude |ω| × δZ
SL
in the cross-cut x2 =
1
2
L plane for(a): case
A with adiabatic wall, (b): case B with T˜w = 0.5 and (c): case C with T˜w = 0.0. Thick black lines denote the
flame fronts.
while the fresh gas is mostly on the upstream side. Geometrically the isosurfaces with
positive curvature are inclined to bend toward the fresh gas side, and thus are probably
far from the wall. In contrast the isosurfaces with negative curvature tend to bend
toward the burnt gas side with smaller flame-wall distance. Clearly, as the flame-wall
distance δc=0.85/δz decreases, the flame curvature for the three cases shifts from being
positively skewed to being negatively skewed (see Fig. 8). An important observation
is that an additional tail of the joint PDF in Fig. 8(b) and (c) can be seen in cases B
and C in the quenching zone. Such behavior can be explained in the following manner.
At very small flame-wall distance, e.g. δc=0.85/δz < 1 in Fig. 8(b) and (c), the flame
front locally breaks, as marked by the two boxes in Fig. 9. The zoomed in flame front
topology indicates that under such a condition the c value locally can be large because
of flame extinction. Consequently the flame front bends to have positive curvature
values. Such tail exists for both case B and C with broken flame fronts in the near-
wall region. The tail of the joint PDF between δc=0.85/δz and K = ∇ · ~n in case B is
much smaller than in case C because of much weaker local flame quenching.
Figure 8. Joint PDFs between the curvature and the flame-wall distance for(a): case A with adiabatic wall,
(b): case B with T˜w = 0.5 and (c): case C with T˜w = 0.0.
The dilatation ∆ = ∂ui/∂xi, is another important quantity, which is directly af-
fected by FWI. Fig. 10 shows that curvature and dilatation are negatively correlated,
and the nature of correlation is markedly different for positive and negative curva-
tures. Considering the flame isosurface c = 0.85, for case A with the adiabatic wall,
the joint PDF is relative simple, showing a negative correlation between ∆ and K. For
cases B and C, because of local flame quenching, another branch appears for negative
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Figure 9. The magnified view of the broken flame topology of flame isosurface c = 0.85 in the quenching zone
for case C with T˜w = 0.0.
dilatation samples.
Figure 10. Joint PDFs between the curvature and the dilatation on the flame isosurface c = 0.85 for(a): case
A with adiabatic wall, (b): case B with T˜w = 0.5 and (c): case C with T˜w = 0.0.
It is worth noting that ∆ = st + sn, where st = (δij − nini)
∂ui
∂xj
and sn = nini
∂ui
∂xj
are flame-tangential strain rate and flame-normal strain rate, respectively. Thus, the
statistical behaviours of dilatation and its correlation with curvature can further be in-
vestigated by analysing the st and sn statistics separately. Fig. 11 shows joint PDFs of
the curvature and the flame-tangential strain rate on the flame isosurface c = 0.85 for
three cases. Some previous studies [46,47] reported no correlation between tangential
strain rate and curvature, whereas negative correlation was reported in other analyses
[48–52]. Chakraborty et al. [50–52] showed the correlation strength weakens with de-
creasing (increasing) τ (u′/SL). In FWI, when the normalized flame tangential strain
rate is small, i.e. stδz/SL < 0.3, the flame front curvature and the flame-tangential
strain rate are negatively correlated; while when stδz/SL ≥ 0.3 such correlation is
much weaker or even vanishingly small. For the positive curvature samples, the flame
elements have relatively large flame-wall distance as they bend toward the unburned
gas side. Under the counter-flow like configuration, the strain rate is roughly inversely
proportional to the distance from the wall. Therefore the larger positive curvature sam-
ples correspond to small flame-tangential strain rate. Interestingly, for all the three
cases, such correlation relation remains almost the same, even quantitatively, i.e. in-
dependent of the wall boundary condition and local flame quenching, which indicates
that the such correlation is primarily determined by the interaction between the flame
and turbulence.
11
Figure 11. Joint PDFs between the curvature and the flame-tangential strain rate on the flame isosurface
c = 0.85 for(a): case A with adiabatic wall, (b): case B with T˜w = 0.5 and (c): case C with T˜w = 0.0.
In contrast, as shown in Fig. 12, the joint PDFs of curvature and the flame-normal
strain rate for these three cases are largely different. For the adiabatic wall case, the
normal strain rate remains mostly positive because of the local thermal expansion.
For all three cases, the part with positive sn remains almost unchanged. However, for
cases B and C, larger the wall heat loss is, bigger the negative normal strain rate part
becomes. Therefore the flame fronts with negative normal strain rate are associated
with low flame temperatures and are expected to be close to the wall, where the flame
surface curvature is mostly negative, as shown in the joint PDFs. From ∆ = st + sn,
it suggests that the extra branch of the dilatation-curvature joint PDF for negative
dilatation values is mainly from the contribution of negative sn. Here, sn and the
curvature are found to be slightly positively correlated.
Figure 12. Joint PDFs between the curvature and the flame-normal strain rate on the flame isosurface c = 0.85
for(a): case A with adiabatic wall, (b): case B with T˜w = 0.5 and (c): case C with T˜w = 0.0.
3.3. Scalar gradient orientation statistics
Here, the principle strain rates are defined as Λi(i = 1, 2, 3), and ~λi(i = 1, 2, 3) are the
corresponding eigenvectors, i.e. the principal axes. Let Λ1 > Λ2 > Λ3, which represent
the most extensive, the intermediate and the most compressive principle strain rates,
respectively. The statistical behaviour of sn = Λicos
2 < ~n, ~λi > depends on the flame
normal vector ~n and ~λi (i = 1, 2, 3). For the passive scalar mixing, the scalar gradient
predominantly aligns with and the most compressive principal axis[53–56]. However,
in reactive turbulence the heat release changes such orientation substantially (i.e.
a preferential alignment between |∇c| and λ1 is observed when heat release effects
overcome turbulent straining) [45,57–60]. For FWI, it can reasonably be expected
that the wall influence may introduce more complexity.
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To understand the orientation relations across the the flame front, different c isosur-
faces have been investigated, including the c = 0.05 in the fresh gas side and c = 0.95
in the product gas side, together with the c = 0.6 isosurface for the sake of the maxi-
mum dilatation. Fig. 13 shows conditional on c = 0.6 (in the reaction zone) the PDFs
of
∣∣∣cos〈~n,~λi〉∣∣∣ for the three cases. Apparently, because of the dominant role of thermal
expansion in the flame zone, the flame normal ~n is mostly oriented along the most
extensive principal axis, and misaligns with the intermediate and most compressive
principle axes, i.e. ~λ2 and ~λ3. Meanwhile it should be noted in Fig. 13 that ~n and
~λ3 tend to align to some extent in cases B and C, which indicates the effects of heat
release weaken due to heat loss through the wall and this gives rise to a (an) reduction
(increase) in the extent of collinear alignment between ~λ1 ( ~λ3).
Figure 13. PDFs of the alignment between the flame normal and principle axes (
∣∣∣cos(~n,~λ1)∣∣∣, ∣∣∣cos(~n,~λ2)∣∣∣,∣∣∣cos(~n,~λ3)∣∣∣) on the flame isosurface c = 0.6 for the three cases.
Fig. 14 shows joint PDFs between ∆ and sn for c = 0.6 isosurface for all three cases
considered here. The thermal expansion generates large values of positive dilatation.
Therefore in the reaction zone, sn and the flame dilatation are strongly positively
correlated, which is consistent with the alignment between the flame normal and the
most extensive principle axis in Fig. 13. For cases B and C, because of the wall heat
loss, samples with the negative flame-normal strain rate appear, which give rise to tails
of the joint PDFs in Fig. 14 (b) and (c). Especially for case C, as has been discussed in
the context of Fig. 10(c) and Fig. 12(c), negative dilatation and negative flame-normal
strain rate samples are generated by local flame quenching, which is consistent with
the small probability of
∣∣∣cos〈~n,~λ3〉∣∣∣ = 1 in Fig. 13(c). No clear correlation between
sn and the flame dilatation has been observed in the tail of the joint PDF.
Figure 14. Joint PDFs between the dilatation and the flame-normal strain rate on the flame isosurface c = 0.6
for (a): case A, (b):case B and (c): case C.
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The same joint PDF has also been investigated conditional on the fresh gas side
c = 0.05 isosurface and the product side c = 0.95 isosurface. As shown in both Fig. 15
and Fig. 16, for different cases the main parts of these joint PDFs are similar. In the
unburned gas side, sn and ∆ are weakly negative correlated, while no clear correlation
can be observed in Fig. 16. Because of the weak chemical reaction rate, sn and ∆
assume much smaller magnitudes than these quantities in the reaction zone. More-
over, from case A to case C, stronger flame quenching brings more negative dilatation
samples.
Figure 15. Joint PDFs between the dilatation and the flame-normal strain rate on the flame isosurface c = 0.05
for (a): case A, (b):case B and (c): case C.
Figure 16. Joint PDFs between the dilatation and the flame-normal strain rate on the flame isosurface c = 0.95
for (a): case A, (b):case B and (c): case C.
In the same vein of Fig. 13, the alignment statistics conditional on c = 0.05 in the
fresh gas side are presented in Fig. 17. For the sake of brevity, the similar results con-
ditional on c = 0.95 are omitted. Very differently from the reaction zone results, when
the heat release rate is small, the c field behaves similarly to a passive scalar, whose
isosurface normal is then preferentially aligned with the most compressive principal
axis ~λ3, rather than the most extensive principal axis ~λ1. On the c = 0.95 isosurface
the orientation between ~n and ~λ1 looks even more random. In different flame zones,
the misalignment relation between ~n and the intermediate principal axis ~λ2 remains
qualitatively similar.
4. Conclusions
The flame-wall interaction (FWI) of statistically planar premixed turbulent flames has
been analysed using direct numerical simulation (DNS) in a head-on flame quenching
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Figure 17. PDFs of the alignment between the flame normal and principle axes (
∣∣∣cos(~n,~λ1)∣∣∣, ∣∣∣cos(~n,~λ2)∣∣∣,∣∣∣cos(~n,~λ3)∣∣∣) on the flame isosurface c = 0.05 for the three cases.
configuration which is at the statistically stationary state. The analysis of FWI has
been carried out for different wall boundary conditions and its influences on the flame
structure have been analyzed in detail. It has been found that the flame approaches
closer to the wall and becomes more spatially distributed for lower wall temperatures.
Moreover, the flame front becomes broken as a result of local flame quenching due to
heat loss through the wall. The FWI zone is split into two sub-zones, i.e. influence
and quenching zones, which are the regions in which the flame senses the presence
of the wall and ceases to exist due to quenching, respectively. The normalised flame
quenching distance for the statistically stationary configuration has been found to be
consistent with previous findings in the unsteady HOQ configurations. Moreover, it
has been found that the normalised wall heat flux is affected by the wall boundary
condition but the normalised wall normal distance where the wall heat flux assumes
its peak magnitude remains unaffected by the wall temperature.
Correlations between important flame parameters, such as the flame curvature,
flame-wall distance, flame dilatation, including the flame tangential strain rate and
the flame normal strain rate have been investigated in detail. In this configuration
the flame curvature and the flame-wall distance have been found to be positively
correlated. As the flame-wall distance decreases, the flame curvature shifts from being
positively skewed to being negatively skewed in all cases considered here, which has
been explained in terms of the spatial distribution of the reactant and products and
heat loss through the wall. It has been found that FWI has significant influences on
the statistical distributions of tangential and flame normal strain rates. The strength
of dilatation rate weakens as the wall is approached, which also affects the tangential
strain rate and acts to reduce the extent of collinear alignment of reactive scalar
gradient with the eigenvector corresponding to the most extensive principal strain
rate. This alignment behaviour in turn affects the near-wall behaviour of the flame
normal strain rate.
Although the statistics of wall heat flux, quenching distance, and different strain
rates are principally driven by heat transfer and fluid-dynamics and not by chemical
mechanism, further analysis will be necessary in the presence of detailed chemistry and
transport for higher values of turbulent Reynolds number than the values analysed here
for deeper physical understanding.
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Appendix. Effects of temperature-dependent thermo-physical properties
To compare the simulation results using temperature dependent thermo-properties
, the Sutherlands law is adopted for the dynamics viscosity as µ =
µref (T/Tref )
3/2(Tref + S)/(T + S), where S is the Sutherland temperature (corre-
spondingly the thermal conductivity and mass diffusivity are temperature dependent
as well). Fig. 1 shows comparison of the flame-wall distance dependence of the chemical
reaction rate, from the temperature dependent and constant thermo-physical proper-
ties in case C. As it can be seen, the difference does exist, but only in a quantitative
sense, which means the main physics remains valid, at least in a qualitative sense.
(a) (b)
Figure 1. Joint PDFs between the flame-wall distance and the reaction rate for case C using (a) temperature
dependent thermo-physical properties, (b) constant thermo-physical properties.
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